Continuous-flow nanocatalysis based on metal nanoparticle catalyst-anchored flow reactors has recently provided an excellent platform for effective chemical manufacturing. However, there has been limited progressi np orous structure design and recycling systemsf or metal nanoparticle-anchored flow reactors to create more efficient and sustainable catalytic processes. In this study,t raditional paper is used for ah ighly efficient, recyclable, and even renewable flow reactor by tailoring the ultrastructures of wood pulp. The "paper reactor" offers hierarchically interconnected micro-and nanoscale pores, which can act as convective-flow and rapid-diffusion channels, respectively,f or efficient access of reactants to metal nanoparticle catalysts. In continuous-flow,a queous, room-temperature catalytic reduction of 4-nitrophenol to 4-aminophenol, ag old nanoparticle (AuNP)-anchored paper reactor with hierarchical micro/nanopores provided higherr eactione fficiency than state-of-the-art AuNP-anchored flow reactors. Inspired by traditional paper materials, successful recycling and renewal of AuNP-anchored paper reactors werea lso demonstrated while high reaction efficiency was maintained. Nanocatalysis, the processo fu sing catalytic metal nanoparticles, has become key technology for effective conversion of av ariety of chemicals, because metal nanoparticles can dramatically improve catalytic efficiency through their large surface-area-to-volume ratios and unique electronic properties. [1] [2] [3] Recently,n anocatalysis under continuous flow has been recognized as an ideal system for efficient chemical manufacturing. [4] [5] [6] [7] Continuous-flow nanocatalysis has cleara dvantages over conventionalb atch systems, such as high reactione fficiency,s afety,a nd reproducibility. [8] [9] [10] [11] These advantages are consistentw ith the regulations recently introduced for green sustainable chemistry. [12] Metal nanoparticle catalysts anchored within flow reactors can serve as an excellent platform for continuous-flow nanocatalysis, because there is no contamination by catalysts in the products. [5, 6, 13, 14] One of the current challenges in creating more efficient chemical manufacturing processes is in designing the porouss tructure of flow reactors. Porous structures inside flow reactorsc an act as flow channels and control the access of reactants to catalysts anchored within the reactors, determining reaction efficiency in practice. In this regard, the development of flow reactors with tailored porous channels has become am ajor center of attraction and av ariety of flow reactorsw ith microscale or nanoscale pores, based on anodic alumina membranes, [4] ceramic membranes, [15] silica nanosprings, [16] silica monoliths, [17] glass fibers, [18] and synthetic polymers, [19] have been investigated. However,t he design of nanoscale and microscalep orous structures inside flow reactors remains challenging for optimizing accesso fr eactants to catalysts for furtheri mprovement of reaction efficiency.F rom the viewpoints of eco-friendliness and sustainability,asystem for effective recycling of metal nanoparticle catalyst-anchored flow reactorsi sa lso essential, particularly because metal nanoparticle catalysts are expensive and al imited resource. [20, 21] As mentioned above, there is ag rowing need for highly efficient continuous-flow nanocatalysis with an excellent recycling system for truly green sustainable chemistry.T oa chieve this challenge, paper,w hichh as been used traditionally on ad aily basis, is expected to offer great potentialf or use as an efficient and recyclable flow reactor,b ecause it has highly porouss tructures, ah igh absorption capacity for liquids, high stability in most solvents, is both hydrophilic and lipophilic nature,a nd is recyclable. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Paper is composed of wood pulp fibers several tens of mmi nw idth, whicha re derived from wood cells. Wood pulp has hierarchical micro/nanostructures (see the Supporting information,F igure S1 a);i ti sahollow fiber with am icroscale inner pore (lumen), and its wall consists of bundles of cellulose nanofibrils (nanocellulose) with widths from 3t os everalt ens of nm. [37, 38] Although traditional paper contains microscale pores derived from both the hollow and network structures of wood pulp, denoted pulp networks,f urthert ailoring of the nanostructures derived from the nanocellulose networks in the wall of wood pulp can provide opportunities to broaden the potentialo fp aper as an ew class of flow reactors with recyclability.
Nanocatalysis, the processo fu sing catalytic metal nanoparticles, has become key technology for effective conversion of av ariety of chemicals, because metal nanoparticles can dramatically improve catalytic efficiency through their large surface-area-to-volume ratios and unique electronic properties. [1] [2] [3] Recently,n anocatalysis under continuous flow has been recognized as an ideal system for efficient chemical manufacturing. [4] [5] [6] [7] Continuous-flow nanocatalysis has cleara dvantages over conventionalb atch systems, such as high reactione fficiency,s afety,a nd reproducibility. [8] [9] [10] [11] These advantages are consistentw ith the regulations recently introduced for green sustainable chemistry. [12] Metal nanoparticle catalysts anchored within flow reactors can serve as an excellent platform for continuous-flow nanocatalysis, because there is no contamination by catalysts in the products. [5, 6, 13, 14] One of the current challenges in creating more efficient chemical manufacturing processes is in designing the porouss tructure of flow reactors. Porous structures inside flow reactorsc an act as flow channels and control the access of reactants to catalysts anchored within the reactors, determining reaction efficiency in practice. In this regard, the development of flow reactors with tailored porous channels has become am ajor center of attraction and av ariety of flow reactorsw ith microscale or nanoscale pores, based on anodic alumina membranes, [4] ceramic membranes, [15] silica nanosprings, [16] silica monoliths, [17] glass fibers, [18] and synthetic polymers, [19] have been investigated. However,t he design of nanoscale and microscalep orous structures inside flow reactors remains challenging for optimizing accesso fr eactants to catalysts for furtheri mprovement of reaction efficiency.F rom the viewpoints of eco-friendliness and sustainability,asystem for effective recycling of metal nanoparticle catalyst-anchored flow reactorsi sa lso essential, particularly because metal nanoparticle catalysts are expensive and al imited resource. [20, 21] As mentioned above, there is ag rowing need for highly efficient continuous-flow nanocatalysis with an excellent recycling system for truly green sustainable chemistry.T oa chieve this challenge, paper,w hichh as been used traditionally on ad aily basis, is expected to offer great potentialf or use as an efficient and recyclable flow reactor,b ecause it has highly porouss tructures, ah igh absorption capacity for liquids, high stability in most solvents, is both hydrophilic and lipophilic nature,a nd is recyclable. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Paper is composed of wood pulp fibers several tens of mmi nw idth, whicha re derived from wood cells. Wood pulp has hierarchical micro/nanostructures (see the Supporting information,F igure S1 a);i ti sahollow fiber with am icroscale inner pore (lumen), and its wall consists of bundles of cellulose nanofibrils (nanocellulose) with widths from 3t os everalt ens of nm. [37, 38] Although traditional paper contains microscale pores derived from both the hollow and network structures of wood pulp, denoted pulp networks,f urthert ailoring of the nanostructures derived from the nanocellulose networks in the wall of wood pulp can provide opportunities to broaden the potentialo fp aper as an ew class of flow reactors with recyclability.
Herein, we report ah ighly efficient, recyclable, and even renewable paperr eactor for continuous-flow nanocatalysis. The paper reactor was constructedb ya ssembly of woodp ulp with tailoredn anoscale pores in its walls. Then, hierarchically interconnected micro-and nanoscale pores were derived from the pulp and nanocellulosen etworks, respectively (Figure S1 b). The wood-derived and well-designedp orous structures inside the paper reactor can provide effective access of reactants to embedded metal nanoparticle catalysts. As ap roof-of-concept demonstration, ag old nanoparticle (AuNP)-anchored paper reactor achieved efficient continuous-flow nanocatalysis for the aqueous-phase,r oom-temperature reduction of 4-nitrophenol to 4-aminophenol. The turnover frequency (TOF)w as up to 440 h À1 ,w hich is highert han values obtained in state-of-theart AuNP-anchoredf low reactors. Excellent recyclability and renewability for AuNP-anchored paper reactors were also demonstrated, openingn ew doors for the development of highly efficient, green, and sustainable chemistry.
Prior to fabrication of the paper reactor,a nchoring of AuNP catalysts in wood pulp was conducted, followed by tailoringo f nanoscale pores in the walls of the wood pulp. First, AuNPs were synthesized in situ within wood pulp by using polyethylenimine( PEI) as both an adsorbent and reductant for Au precursor ions ([AuCl 4 ] À ), as follows. An aqueous suspension of never-dried wood pulp, with weakly negative charge, [39] was mixed with an aqueous solution of PEI containing ah igh density of positive chargetoafford positively charged pulp. Subsequently,n egatively charged Au precursor ions were attached to the positively charged pulp through electrostatic interaction, followed by dewatering andt hermalt reatment at 110 8C for 30 min. The as-prepared pulp had ah ollow structure with microscalei nner pores (Figure 1a . AuNPs were successfully formed through PEI-mediated reduction of the Au precursor ions. [40] In this case, however, dense nanostructures derived fromn anocellulose fibers were observed on the wall surfaces of the pulp (Figure 1c ), suggesting that the nanocellulose fibers becameu navoidably agglomerated during the drying process in the presence of water,b ecause of the high surfacet ension of water (72.14 mn m À1 at 25 8C), [41] as in the Campbelle ffect. [42] In this study,t herefore, solvente xchange from water to tert-butyl alcohol (tBuOH), which has al ow surface tension (19.96 mn m À1 at 25 8C), [41] was conducted before the drying process to suppress the nanocellulose packing.T he resulting pulp formed nanoscale pores derived from the nanocellulose networks in its wall (Figure 1d-f) , within which AuNPs weredispersed and anchored. The specific surfacea rea of the AuNPs-anchored pulp was thereby increased from about0 .5 to 20 m 2 g À1 by solvente xchange with tBuOH, also indicating the formation of nanoscale pores (Figure 1h) . Thus, AuNP-anchored pulp, incorporating both microscale inner pores and nanoscale pores tailoredi ni ts wall, was successfully prepared by asimple tBuOH treatment.
Subsequently,t he AuNP-anchored pulp with nanoscale pores was fabricated into apaper material, i.e.,apaper reactor, using af acile papermakingp rocess. Although traditional pulp paper is white, the as-prepared paper reactor wasu niformly pink because of the surface plasmon resonance of AuNPs (Figure 2a) , [43] indicating that AuNP catalysts were well dispersed in the paper reactor.T he AuNP-anchored paper reactor had microscale pores with sizes of 0.1-100 mm, derived from both (Figure 1e )a nd network structures of the pulp (Figure 2b) , i.e.,p ulp networks, in addition to nanoscale pores with sizes of 4-100 nm, derived from the nanocellulose networks in the wall of the pulp (Figure 2c ;s ee also Figure S3 ). Thus, an AuNP-anchored paper reactor with hierarchically interconnected micro/nanoscale pores was successfully fabricated. Theg rammage of the AuNP-anchored paper reactor with micro/nanoscale pores wasa bout 69 gm À2 and the contentso f pulp, PEI, and AuNP were 98.5 wt %, 1.3 wt %, and 0.2 wt %, respectively.A sac ontrol sample, an AuNP-anchored paper reactor containing only microscale pores was fabricated from AuNP-anchored pulp withoutn anoscale pores (Figure 2d-f ; see also Figure S3 ), through preparation without tBuOH treatment. An AuNP-anchored paper reactor containing only nanoscale pores wasa lso fabricated using AuNP-anchored nanocellulose treated with tBuOH, insteado ft he AuNP-anchored pulp (Figure 2g-i ;see also Figure S3 ).
The as-prepared AuNP-anchored paper reactors were subjected to continuous-flow nanocatalysisf or aqueous roomtemperature reduction of 4-nitrophenol, which is ac ommon environmental pollutant, with sodium borohydride( NaBH 4 )t o 4-aminophenol, which is an important intermediate for the manufacture of pharmaceuticals. For continuous-flow nanocatalysis, the AuNP-anchoredp aperr eactor was cut into circular discs with ad iameter of about 9.0 mm, then vertically stacked and tightly packed into as yringe equipped with as ilicon tube. In all cases,t he length and volume of the paper layer were set at about 1.75 mm and1 10 mm 3 ,r espectively.T he reaction solution was then fed into the syringe (Figure 3a,b) . Figure 3c shows the UV/Vis spectra of a5 0mm 4-nitrophenol solution with 50 mm NaBH 4 before and after feeding into the AuNP anchored paper reactorc ontaining micro/nanoscale pores at 0.05 mL min
À1
.A fter feeding, the characteristic peak for 4-nitrophenol at 400 nm, assigned to the 4-nitrophenolate ion, [44] disappeared, while an ew peak at 300 nm, ascribed to 4-aminophenol, [44] appeared. The absorbance at 300 nm was then approximately equal to that of 50 mm 4-aminophenol solution, suggesting that the AuNP-anchored paper reactor with micro/ nanoscale pores achieved almost 100 %c onversion of 4-nitrophenolt o4-aminophenol.
When the AuNP-free paper reactor was used with NaBH 4 and when the AuNP-anchored paper reactor was used without NaBH 4 ,t he reactiond id not proceed at all, indicating that AuNPsa nd NaBH 4 played an essential role as ac atalyst and ar educing agent,r espectively,a nd that PEI and woodp ulp paper had no catalytic activity during 4-nitrophenol reduction ( Figure S4 ). In addition, there was almostn oa dsorption of either 4-nitrophenol or 4-aminophenol on the paper reactor, indicating that wood pulp paper did not inhibit the 4-nitrophenol reduction reaction in an aqueous system ( Figure S4) . However, the actual reaction efficiencies clearly depended on the porouss tructures within the paper (Figure 3d ). It should be noted that the AuNP-anchored paper reactor with micro/ nanoscale pores (Figure 2a-c) demonstrated much higherr eaction efficiency at all feed rates than those containing only microscale (Figure 2d-f) or nanoscale pores (Figure 2g-i) , while reducing the AuNP catalyst usage to two thirds. The TOF value (the amount of product obtained per unit time per unit amount of catalyst) of the AuNPs-anchored paper reactor with micro/nanoscale pores reached 440 h À1 ( Figure S5 ), which is superior to the TOF values of state-of-the-artf low reactorst hat are based on inorganic and organic materials (Figure 3e ;s ee also Ta ble S1). In other words, the catalytic performance of the AuNP-anchored paper reactor with micro/nanoscale pores was higher than those of various flow reactors based on Au nanowire-anchored glass fibers (AuNWs@glass), [18] AuNP-anchored polyethersulfone hollow fiber membranes (AuNPs@PES), [19] AuNP-anchored polysulfone hollow fiber membranes (AuNPs@PS), [19] AuNP-anchored polycarbonate membranes (AuNPs@PC), [45] and palladium nanoparticle-anchored cotton fibers (PdNPs@cotton). [46] Paper is easy to handle and can be reused after the catalytic reaction; Zheng et al. recently reported good reusability of the Pd-loaded cellulose filter paper for cross-coupling reactions in batch system. [47] In this study,A u leachingf rom the AuNP-anchored paper reactor after the flow reactionw as not detected by atomica bsorption analysis, and the AuNP-anchored paper reactorw ith micro/nanoscalep ores could be reused for at least ten successive runs withoutaloss in catalytic efficiency (Figure 3f ). These results suggest that the wood pulp paper reactor with tailoredf low-through pores (Figure S1 b) is ap romising candidate for the continuous productiono fu seful chemicals throught he use of highly efficient flow nanocatalysis.
To explaint he mechanism behind the high reaction efficiency of the AuNP-anchored paper reactor with micro/nanoscale pores,t he respective roles of microscale and nanoscale pores as flow channels are discussed below.N anoscale pores can act as fast-diffusion channels for rapid access of reactants to catalysts, because the typicald iffusion time scale t in nanoscale pores is considered to be 10 6 times smallert han that in microscale pores (t = l 2 2 D
,w here l is the diffusion length and D is the diffusion coefficient). [17] In practice, nanoscale pores were more efficient than microscale pores at feed rates below 0.05 mL min À1 (Figure 3d ). However,n anoscale pores showed ad rastic decrease in reaction efficiency with increasing feed rate, resulting in lower efficiencies than microscale pores at higherf eed rates (Figure 3d ). To elucidate this phenomenon, we investigated the effect of porous structures within the paper reactor on flow uniformity of the reactants at af eed rate of 0.05 or 10 mL min À1 ( Figure S6 ). At each feed rate, there was no difference in the residence time of reactants in the paper layer among the paper reactors, regardless of their porous structures, indicating good permeability.H owever,t he flow uniformity in the paper reactorsv aried with their porouss tructures;w hereas smalln anoscale pores caused non-uniform flow distribution in the paper reactor,p ossibly due to local flow (i.e.,c hanneling phenomenon), relativelyl arge microscale pores allowed uniform flow distribution ( Figure S6 d) . From these results, it was speculated that nanoscale pores allow fast diffusion of reactants but cause inefficient access of reactants to the AuNP catalyst owing to non-uniform flow distribution, resultingi nr elatively low reaction efficiency,e specially at high feed rates. Meanwhile, micro/nanoscale pores would offer both uniform flow and fast diffusion of reactants. Thus, it was suggestedt hat the tailoredm icro/nanoscale pores can provide both effective convective-flow channels and fast-diffusion channels for efficient access of reactants to the AuNP catalyst, leadingtoa ne nhanced reaction efficiency.
Although continuous-flown anocatalysism ay be an ideal system for effective chemical manufacturing, recycling and renewalo ft he conventional metal nanoparticle catalyst-anchored flow reactors remain ac hallenge for realizing green sustainable chemistry.T he AuNP-anchored paper reactor had enough mechanical stabilityt ob er ecovered after use in continuous-flow nanocatalysisa tafeed rate of 10 mL min À1 ,a nd was also able to overcome this challenge by taking advantage of paper-specific recyclability.T he AuNP-anchored paper reactor with micro/nanoscale pores wasr enewable beyondt he point of merer ecyclability (Figure 4a) . First, the AuNPs-anchored paper reactor wast horoughly washed with distilledw ater after use in continuous-flow nanocatalysis and then immersed in aqua regia at room temperature for several seconds to elute Au ions from the paper reactor.T he resulting paper was thoroughly washed with distilledw ater andt hen sonicated to prepare an aqueous suspensiono ft he recycled pulp. The solution of the eluted Au ions was then neutralized by using an aqueous solution of sodium hydroxide.T hus,t he AuNP-anchored paper reactor was separated into the recycled Au ions and pulp. Finally,t he recycled Au ions and pulp were fabricated into the AuNP-anchored paper reactor using the papermaking process with tBuOH treatment. The renewed AuNP-anchored paper reactor maintained its specific micro/nanoscale pores, the crystallines tructure of native cellulose ( Figure S7 ), and high reactione fficiency (Figure 4b ), indicating the feasibility of truly sustainable continuous-flow nanocatalysis.
To demonstrate the broad application of our paper reactor, we investigated the anchoring of other metal NPs forf ine chemicalp roduction.P di so ne of the most popular catalysts to produce useful chemicals, such as pharmaceuticals, agrochemicals, and cosmetics, through cross-couplingr eactions. A PdNP-anchored paper reactor with micro/nanoscale pores was prepared by using as imilar process to that for the AuNP-anchored reactor ( Figure S8 ) and used for cross-coupling reaction of aryl iodide with alkyllithium reagent (Scheme 1);i ta chieved almost1 00 %c onversion of 4-iodotoluene at room temperature and with af eed rate of 0.2 mL min
.A lthough as imilar type of reactioni nb atch system using aP d 0 complex with phosphine ligand was recently reported, [48] the PdNP-anchored paper reactor is expected to enable acontinuous-flow and heterogeneous analogue of such ac ross-coupling reaction without any phosphine ligand.
In summary,w ed emonstrated highlye fficient continuousflow nanocatalysis with an excellent recycling system,b ased on an AuNP-anchored paper reactor.T he paper reactor contained hierarchical micro/nanoscale flow-through pores tailored from wood pulp, boosting reaction efficiency while reducing the use of AuNPs. Furthermore, successful reuse, recycling, and renewing of the AuNP-anchored paper reactor were demonstrated. Thus, the AuNPs-anchored paper reactor provides good opportunities to support green processing by reducing catalystw astage, reuse, recycling, and renewing,w hile also achieving effective production of useful chemicals. The paper reactor can be prepared from ubiquitous and abundant wood resources through large-area mass production such as the well-establishedp apermaking process. Thisn ovel strategy can be extended to various other metal nanoparticle catalysts and corresponding chemical reactions, and enables facile, highly efficient,a nd truly sustainable chemical manufacturing using paper. 
